We have studied the relative stability and atomic structures of five C 20 X 2 regioisomers obtained as diadducts of a C 20 cage (X = H, F, Cl, Br, and OH). All the regioisomers are geometric isomers, i.e., they differ in their spatial arrangement. Full-geometry optimizations of the regioisomers have been performed using the hybrid density-functional (B3LYP/6-31G(d, p)) method. Our results suggest that the cis-1 regioisomer (the 1,2-diadduct) is the most stable and that the second most stable is the trans-2 (1,13-diadduct) regioisomer, implying that the long-range interaction between the two adducts and the resonance effect are more pronounced than the diadduct-induced strain in the C 20 cage. The HOMO and LUMO characteristics of each regioisomer with the same symmetry of structural regioisomers except C 20 (OH) 2 are topologically same. This suggests that by using an entirely different set of characteristic chemical reactions for each regioisomer, we can distinguish between the five regioisomers for each C 20 diadduct derivative.
Introduction
The geometry of fullerenes obeys the isolated-pentagon rule (IPR), which states that the most stable fullerenes are those in which all pentagons (5-membered rings, 5-MRs) located as far as possible from one another and are surrounded by five hexagons (6-membered rings, 6-MRs).
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However, it is impossible to satisfy this rule for the smallest possible fullerene, C 20 (first synthesized in 2000), which contains only 12 5-MRs and no 6-MRs. 3 This implies that this non-IPR fullerene should be highly reactive owing to the fusion of the strained 5-MRs. Because C 20 can relieve this strain through sp 3 -bond-forming reactions, the formation of isomeric derivatives is expected. As the C 20 cage would be one of the candidates of molecular devices, modification of the structural and electronic properties of C 20 should be a subject of general interest to both experimentalists and theoreticians.
Isomerism in chemistry is a fundamental concept, and the term "regioisomer" refers to a type of structural isomer. In the formation of regioisomers, regioselectivity is observed in the chemical reactions of molecules for which there are choices of different orientations or reaction sites. As opposed to fullerene C 20 derivatives that have only 5-MRs, the regioisomers of various kinds of derivatives, including diadducts of fullerene with 5-and 6-MRs, have been extensively studied.
4,5 The gas-phase production of C 20 Br 2 and C 20 H 2 has been reported. 6, 7 Experimental examples that show the relative stability of C 20 regioisomers are very few in number. Proton transfer between the -OH groups of two C 20 (OH 2 ) 2 molecules was examined by ab initio molecular orbital calculations. 8 The adducts of the most stable one among the parent fullerene C 20 isomers with C 2 H 2 and C 2 H 4 have been studied by the B3LYP method: the derivatives C 20 (C 2 H 2 ) n and C 20 (C 2 H 4 ) n (n = 1-3) exhibit remarkable aromaticity, while C 20 (C 2 H 2 ) 4 and C 20 (C 2 H 4 ) 4 have no spherical aromaticity. 9 Moreover, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) maps suggest that the five bondstretched isomers of the C 20 dication can be verified by chemical addition reactions.
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To the best of our knowledge, the evaluation of fullerene C 20 X 2 diadduct regioisomers by the first-principle hybrid density-functional B3LYP method has received scant attention. In this study, we would like to report the relative stability and electronic structures of fullerene diadduct C 20 X 2 regioisomers, where X is H, F, Cl, Br, or OH.
Recently, the planarity of benzene was analyzed using various theoretical methods, and the B3LYP/6-31G(d) level calculation was found to be suitable for simulating the experimentally determined structure of benzene.
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To the best of our knowledge, no calculations have been performed for the full optimization of C 20 X 2 (X = H, F, Cl, Br, and OH) regioisomers at the level of B3LYP/6-31G(d, p), even though many calculations have been reported for the parent C 20 cage 9 as well as C 20 H 20 dodecahedrane 12 and C 20 F 20 perfluorododecahedrane. 13, 14 In this study, we obtained the relative energies and atomic structures for the C 20 X 2 regioisomers having the same spin state. Although the predominant electronic configurations of the regioisomers would be similar, the HOMO and LUMO maps would be different for the different derivatives. If so, we can anticipate an entirely different set of characteristic chemical reactions for the exohedral complexes, on the basis of the HOMO and LUMO for each type of derivative.
Calculations
In this study, the hybrid density-functional theory (DFT) with Becke's three-parameter hybrid method and the LeeYang-Parr exchange-correlation functional theory (B3LYP) [15] [16] [17] were used to optimize the geometries of the C 20 X 2 (X = H, F, Cl, Br, and OH) regioisomers. The electron basis set 6-31G(d, p) was used throughout this study. 18 We fully optimized all the geometries of the C 20 X 2 derivative regioisomers using the Gaussian 03 B.04 package suite. 19 To Figure 1 . C20 cluster cage with carbon numbering used to distinguish between the different regioisomeric derivatives. Here, X = H, F, Cl, Br, or OH. obtain geometries with a higher accuracy, we used the convergence criterion with tight optimization and an ultrafine grid of a pruned (99,590) grid (using the keywords Opt = Tight, Grid = ultrafine). We analyzed the relative energies and the HOMO and LUMO orbitals of the regioisomers.
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Here we obtained the strain energy of the cage, which is the single point energy of naked C 20 cage obtained from the optimized structure of each regioisomer minus the energy of optimized neutral C 20 cage.
Results and Discussion
By performing calculations for the full optimization of the atomic structures of the C 20 X 2 (X = H, F, Cl, Br, and OH) regioisomers at the level of B3LYP/6-31G(d, p) without any constraint, we obtained the relative energies of the regioisomers with C 2v (cis-1), C s (cis-2), C 2 (equatorial), C 2v (trans-2), and D 3d (trans-1) symmetries, as shown in Table  1 , under the reinforced tight convergence criterion. Here, the cutoffs on the forces and step size are reduced by the pruned (99,590) grid (keywords Opt = Tight, Grid = ultrafine) used to obtain accurate geometries. The atomic structures, HOMOs, and LUMOs of the regioisomers of each C 20 X 2 derivative are shown in Figure 2 . In addition, by analyzing the effect of the diadducts on the strain in the most stable cage of neutral C 20 with D 2h symmetry, we obtained the strain energies of the regioisomers of each C 20 X 2 derivative, as shown in Table 2 . Although the cage is formed exclusively from pentagons, the relative energies of the regioisomeric C 20 X 2 derivatives with respect to symmetry has not been determined with certainty to date at the level of first principle calculations. Thus, in this study, we considered five regioisomers for each C 20 X 2 -derivative cage geometry obtained by full optimization and reinforced optimization. Among the five cage isomers whose geometries were fully optimized, the relative energies of the C 2v cage structures (cis-1, trans-2) with higher symmetry were lower than those of the C s (cis-2) and C 2 (equatorial) isomers with lower symmetry and that of the D 3d isomer (trans-1) with the highest symmetry. The results showed that the energies of the regioisomers are in the following increasing order: cis-1 (C 2v ) < trans-2 (C 2v ) < cis-2 (C s ) < equatorial (C 2 ) < trans-1 (D 3d ). The energies of the regioisomers were in the order cis-2 (C s ) < equatorial (C 2 ) < trans-1 (D 3d ), which correlated with the increasing order in the strain energy for the neutral C 20 cage isomer (D 2h : ground state). The calculated results showed that the addition of H, F, Cl, Br, and OH atoms releases the strain energy of C 20 by pyramidalization of the two carbons of the cage. The hydrogenation, fluorination, chlorination, bromination, and hydroxylation reactions for all regioisomers of C 20 were highly exothermic; in the case of the trans-2 regioisomer, for example, the values were −3.521, −7.357, −3.792, −3.029, and −7.662 eV, respectively. After the reaction takes place, electronic stability can be enhanced.
Thus, it is interesting to see that in the cage diadducts, the regioisomers with C 2v symmetry were more stable than the isomers with other symmetries, implying that the C 20 cage for cis-1 with C 2v symmetry would exhibit the least strain deformation, compared to the parent cage with D 2h symmetry. However, our model calculations for the deformed cages of the C 20 diadduct regioisomers suggested that the dispersion interaction if the distance between the two adducts of the cage derivatives is within the van der Waals Continued distance should be a stronger factor than is the deformation strain of the naked cage. Here, the distance between the two adducts was within the van der Waals distance only for the cis-1 regioisomer. 21 Thus, the most stable regioisomer was cis-1 with C 2v symmetry, followed by cis-2 (C s ), equatorial (C 2 ), and trans-1 (D 3d ), but not trans-2 (C 2v ). Therefore, it should be understood that while the strength of the cage distortion and the van der Waals force are important competing factors, the resonance effect caused by the delocalization of electrons also plays a crucial role in deciding the relative stability of the cage diadducts (see Tables 1 and 2 ). Figure 2 shows the HOMOs and LUMOs for the regioisomers of the C 20 diadducts. Table 2 presents the strain energies and the HOMO-LUMO gap energies of the regioisomers in Figure 2 . Although the predominant electronic configurations of the regioisomers with the same symmetry for C 20 diadducts are similar, the HOMOs and LUMOs of regioisomers with the different symmetry of geometrical structures are different in these regioisomers, implying that we can anticipate an entirely different set of characteristic chemical reactions for each HOMO and LUMO.
For the regioisomers, the effect of the adduct atom on the frontier orbitals of D 2h C 20 is shown in Figure 2 Table 2 . The HOMO and LUMO energy gaps of all the trans-1 regioisomers are higher than those of C 20 but are the lowest among those of the regioisomers with the same adducts; this trend is consistent with the fact that the strain energies of trans-1 regioisomers are very high. All the trans-2 regioisomers have the largest energy gaps, which shows that the two adducts can remarkably stabilize the C 20 fullerene.
Conclusion
We obtained fully optimized geometries without any constraint at the B3LYP/6-31G(d) level by the hybrid densityfunctional method for regioisomers of the C 20 X 2 cage (the smallest fullerene diadducts). The effect of two adducts on the atomic structures of the isomers showed that the relative energy of the C 20 diadduct regioisomers is exceedingly dependent on the distance between the two adducts. Therefore, it is interesting to see that the isomeric species with the lowest energy is the medium-symmetry C 2v , and not D 3d (highest symmetry) or C 2 and C s (reduced symmetry).
Although the predominant electronic configurations of the isomers are almost the same, the HOMO and LUMO maps are different among the five regioisomers of C 20 X 2 (X = H, F, Cl, Br, and OH). Thus, an entirely different set of characteristic chemical reactions is expected for the HOMO and LUMO of each regioisomer, and this would be verified empirically.
